The method of 15 N metabolic labelling of Bacillus subtilis enabled mass spectrometric quantification of relative protein levels in the vegetative cells and the spores of this model organism. A total of 1501 proteins have been identified from the combined spore and vegetative cell samples. From these 1086 proteins have been relatively and reproducibly quantified between spores and vegetative cells. Of the quantified proteins, 60% are common to the vegetative cells and spores, indicating that spores host a minimal set proteins sufficient for the resumption of metabolism upon completion of germination. The shared proteins represent, the most basic 'survival kit' for life on earth that is known thus far.
Introduction
Endospore formation is characterized by a continues protein turnover and by various cellular rearrangements 1, 2 . During protein turnover existing proteins are degraded and new proteins are formed. These processes are controlled by sporulation specific sigma factors and involve various cellular structural rearrangements such as asymmetric cell division and the extrusion of water from the developing endospore 2 . The reorganization involves a macromolecular machinery and results in the formation of multi-layered spores that are resistant to UV, radiation, heat and different chemical agents 3 . In addition to the development of stress resistance, spores also prepare to equip themselves with all necessary elements that are essential to return to life. These elements generally are comprised of proteins that steer germination and outgrowth to the point where cells resume their vegetative cell cycle. To jump start the germination, the macromolecules needed are pre-synthesized during sporulation 4 . Even though the spores are metabolically dormant 5 researchers are still in pursuit of finding the exact molecular, biochemical and biophysical mechanisms behind the germination process [6] [7] [8] . Despite numerous indications from genetic studies, the existing hypotheses on the molecular basis of spore revival remains, at the mechanistic level, unanswered 8 . Processes such as water uptake, dipicolinic acid (DPA) release, cortex hydrolysis and signal transduction therein are still not completely understood [5] [6] [7] . All these processes are mediated via a number of different proteins 9 . Many proteomics and transcriptomics studies [10] [11] [12] [13] have addressed the set of genes and their inferred proteinaceous counterparts in an effort to make a comprehensive inventory of the putative proteins mediating the described physiological processes. Yet, none of them has systematically focused on a comparative, quantitative, direct proteome analysis of dormant spores versus the vegetative cells into which they transform.
In the present study, we have quantitatively characterized the B. subtilis spore proteome relative to that of vegetative cell. To achieve this, spores are mixed with 15 N-metabolically labelled vegetative cells and the mixture is processed with our recently developed one-pot method 14 for mass-spectrometric analyses. Here, the 14 N/ 15 N isotopic protein ratios represent the relative spore over vegetative cell protein abundances. The mass spectrometric relative quantification has led to the quantification of over 1000 proteins from combined spore and cell samples. We aim to deduce the differences in the two proteomes and classify a basic set of proteins harboured within a dormant spore that constitutes a minimal set of proteins sufficient for the life to survive severe environmental stresses and resume growth when conditions are again more favourable.
Materials and methods

Bacterial strain, media, and culturing conditions
B. subtilis wild-type strain PY79 was used for preparing 14 N (Light) spores and 15 N (Heavy)labelled reference vegetative cells. For sporulation, bacteria were pre-cultured and sporulated as described previously 14, 15 . Defined minimal medium, buffered with 3-(N-morpholino) propane sulfonic acid (MOPS) to pH 7.4 was used for sporulation 16 . The spore cultures were grown and sporulated in the presence of 14 NH 4 Cl while the reference vegetative cell cultures received 15 NH 4 Cl as the sole nitrogen source. The final stock of reference vegetative cells consisted of cells harvested at exponential growth. The cells were analysed against three independent biological replicates of spore query cultures.
Mixing of 14 N spores and 15 N-labeled cells, and one-pot sample processing
The harvested 14 N-spores were mixed in a 1:1 ratio (based on the cell count) with 15 Nlabelled vegetative cells. After mixing, the samples were further subjected to one-pot sample processing as described previously 14 . Typically, a mixture of spores and cells was suspended in lysis reduction buffer and disrupted in seven cycles with 0.1 mm zirconium-silica beads (BioSpec Products, Bartlesville, OK, USA) using a Precellys 24 homogenizer (Bertin Technologies, Aix en Provence, France). The tubes were incubated for 1 h at 56°C and alkylated using 15 mM iodoacetamide for 45 min at room temperature in the dark. The reaction was quenched with 20 mM thiourea and the first digestion with Lys-C (at 1:200 protease/protein ratio) was carried out for 3 h at 37°C. Samples were diluted with 50 mM ammonium bicarbonate buffer and the second digestion with trypsin (at 1:100 protease/protein ratio) was carried out at 37°C for 18 h. The tryptic digest was freeze-dried.
Before use, the freeze-dried samples were re-dissolved in 0.1% Tri-fluoric acid (TFA) and cleaned up using C18 reversed phase TT2 TopTips (Glygen), according to the manufacturer's instructions. The peptides were eluted with 0.1% TFA in 50% acetonitrile (ACN) and freeze dried.
Fractionation of peptides in one-pot digests
A ZIC-HILIC chromatography was used to fractionate the freeze-dried peptide samples.
Dried digests were dissolved in 200 µl of Buffer A (90% acetonitrile, 0.05% Formic acid, pH 3), centrifuged to remove any undissolved components, and injected into the chromatography system. An isocratic flow with 100% Buffer A for 10 min was followed by a gradient of 0-30% Buffer B (25% acetonitrile, 0.051% formic acid, pH 3) in the first phase and 30-100% of Buffer B in the second phase (flow rate 400 µl/min). The peptides were eluted and collected in 10 fractions, freeze-dried, and stored at -80°C until further use. 
LC-FT-ICR MS/MS analysis
Data analysis and bioinformatics
Each raw FT-MS/MS data set was mass calibrated better than 1. 
Results
Identification and quantification of the vegetative cell and spore proteins
A total of 1501 proteins are identified from the combined spore and vegetative cell 
Spore-predominant proteins
Most of the proteins belonging to this category are germination and structural spore proteins.
These include spore coat proteins, small acid soluble proteins (SASPs) being most abundant, and germination proteases. Interestingly, 24 hydrolases are detected, which include the protein YyxA with the highest levels in spores (Supplementary Table 1 ). It is noteworthy that of all the metabolic pathway enzymes, only MalS is present in abundant quantities in spores (Supplementary Figure 1) . The bioinformatic analysis has predicted 31 spore predominant membrane proteins of which proteins CoxA, YhcN, YdcC, GerD, YlaJ, all associated with germination, are classified as lipid-anchored proteins.
Cell-predominant proteins
Cell surface proteins belonging to the surfactin family are found to be the most abundant Figure 1) . Membrane prediction analysis has classified 93 proteins as cell-predominant membrane proteins.
Proteins shared between spores and cells
The proteins shared between spores and cells are mostly ribosomal proteins, cell cycleregulating and/or associated proteins, and cytosolic proteins involved in the pathways required for anabolism and catabolism of proteins, carbohydrates, lipids and pathways of energy metabolism. These proteins are organized in 50 different categories by DAVID 17, 18 ( Table 1) . Many of the proteins encoded by essential genes are also observed to be shared.
These include tRNA-synthetases, carboxylases involved in metabolism, DNA polymerases and RNA processing as well as degradation proteins. Only 20% of the proteins involved in amino acid biosynthesis are present in spores and a majority is enriched in cells ( Figure 2 ). Figure 2 represents the averaged levels of proteins belonging to latent metabolic pathways and related functional categories that are observed in spores. Many of the proteins from these pathways and functional categories are needed to start the germination. As exemplified in Supplementary Figure 1 , these shared proteins indicate the metabolic options available to the spores when they initiate germination. In conclusion, this category of proteins substantially contributes to the basic set of proteins of a dormant spore. More than 130
proteins from this group are found to be membrane proteins. 
Discussion
Dormant spores of B. subtilis are metabolically inactive and their main function is to protect the genetic information throughout the period of unfavourable environmental conditions.
Subsequently, a spore must be able to germinate and allow vegetative cells to proliferate and populate a new environmental niche. Here, we discuss the proteomes of the spores and the vegetative cells that are studied, to our knowledge, for the first time in a single experiment.
We aim to understand the fundamental differences between these two forms of the spore forming organism Bacillus subtilis. Metabolic labelling using 15 N isotope is an easy and highly accurate means of proteome quantification 19 . Combining the metabolic labelling approach with our one-pot sample processing method 14 has shown that only 40% of the quantified proteins make up both the spore-predominant and cell-predominant categories.
The majority of the proteins classified as spore-predominant, are structural proteins such as spore coat proteins, cortex lytic enzymes and SASPs. Whereas surfactin synthases, flagellar 
The Phosphoenolpyruvate dependent phosphotransferase system (PTS)
PTS is the carbohydrate uptake system in B. subtilis 22 . We find that the components of glucose transport are present in dormant spores. Glucose is one of the germinants triggering germination and it is most likely transported into the spore by PtsG, a transmembrane protein, which is present in the spores. The uptake further likely involves the central proteins HPr (PtsH) and Enzyme I (PtsI). In addition, the transporters for fructose (FruA) and sucrose (SacP) are also identified in our spore samples. Although glucose is a preferred source of carbon over fructose, the levels of FruA are higher than those of PtsG in spores. In contrast to these PTS proteins, the putative glucosamine transporter (GamP) is abundantly present only in cells.
Other transporters
In our data almost 40 transporter proteins, have been quantified. These proteins belong to the ABC transporters family, including the protein and amino acid transporters, as well as families of ion transporters. Interestingly, in a recent transcriptome study, almost 80 transcripts encoding different transporters have been identified from spore mRNA isolates 23 .
The ABC transporters, functioning in the import or export of amino acids, peptides and polysaccharides 24 might play key roles in both sporulation and germination processes. Protein AtcL (YloB), a calcium transporting ATPase found in high levels in spores, facilitates uptake of Ca 2+ during sporulation 25 OpuCC) are quantified predominantly in cells. The Opu family of transporters are known for the uptake of glycine betaine.
Proteases and peptidases
From the group of catalytic enzymes, the proteases and peptidases play a crucial part in spore formation, its resistance, germination as well as in stress survival of vegetative cells. In this study, 36 proteases and 16 peptidases are quantified. These, amongst others, include germination protease (Gpr), and DD-carboxypeptidase involved in spore wall maturation. In addition to that, the proteases involved in cellular regulatory processes include ATP dependant Clp proteases, metalloproteases, Lon proteases, and aminopeptidases. Protein
YyxA, a predictive Htr-type serine protease is suggested to play important role in spore germination by interacting with SleB 32-34 and sporulation specific protease YabG, is involved in coat protein modification and cross linking of coat proteins such as GerQ 33, 35 . Both these proteins are observed to be spore predominant in current strudy. CwlC, CwlJ, SleB are sporepredominant cell wall hydrolases. CwlC functions similar to LytC (CwlB) in mother cell lysis during sporulation whereas the other two lytic enzymes play an important role in cortex hydrolysis during germination 36, 37 . Among the cell-predominant group, the cell wall lytic enzymes LytF, LytE and LytC are observed in large quantities. Of these, LytF and LytE are endopeptidases having crucial roles in cell separation during cell division whereas LytC is an amidase that plays an important role in the hydrolysis of the N-acetylmuramoyl-l-alanine linkage in peptidoglycan 38, 39 . The enzyme thus plays an important role in cell separation 40 and mother cell wall lysis during spore formation 41 . Cell predominant extracellular protease, WprA, is a cell surface protease 42 . This protein is expressed during exponential growth of B. subtilis 42 and is needed for stabilization of lytic enzymes and septation 39 .
Protein synthesis
To survive in harsh environments, bacteria have a minimal set of essential genes. Bacillus subtilis has total of 261 essential genes 43 in its genome. These genes are involved in information processing, synthesis of components necessary for maintaining the cell shape, synthesizing the envelope and cell energetics 44 . The largest category belongs to the essential genes related to protein synthesis. In our data set, except the 30S ribosomal protein S18
(RpsR) and 50S ribosomal protein L19 (RplS) all the essential as well as non-essential ribosomal proteins are identified in both the vegetative cells and spore. However, individual levels of these ribosomal proteins in a spore have dropped to about 20% of their levels in a vegetative cell ( Supplementary Table 1 ). Nevertheless, the levels of 50S ribosomal protein L31 type B (RpmE2) in spores are comparable to those in cells. It has been demonstrated that in B. cereus the spore ribosome are damaged and distinctively different from those of vegetative cells 45 . On the contrary, the spore ribosomes in B. megaterium are similar to those of the vegetative cells and the activity of these proteins is not altered during sporulation 46, 47 .
The high levels of ribosome maturation factors RimM and RimP in spores may help in efficient production of translationally competent ribosomes 48 during germination. In addition to the ribosomal proteins, the aminoacyl tRNAs found in the spore proteome may provide a 'ready to use kit' for the amino acid biosynthesis and thereby protein synthesis during germination 49 .
Amino acid metabolism
Amino acid degradation plays an important role during germination as well as cell 
Metabolic pathways and Energy production
From the quantified data set, 290 proteins are classified to the category of metabolic pathways by DAVID functional annotation. These proteins belong to carbon metabolism pathways including glycolysis, pentose phosphate pathway and the TCA cycle as well as to pyruvate metabolism, amino acid biosynthesis, purine and pyrimidine metabolism, fatty acid biosynthesis, peptidoglycan biosynthesis. In our data, many glycolysis and pentose phosphate pathway proteins related to energy production are found to be present in spores. The fact that the enzyme glucose dehydrogenase (Gdh) is produced in the forespore during later stages of sporulation 56 may explain the observed high levels of this enzyme in the spores. It has been observed in the past, that this enzyme reacts with glucose in presence of NAD + and NADP +56 which are also already present in the spores in high amounts 57 63 . Instead the enzyme might be involved in maintaining redox balance in the initial phases of spore outgrowth by synthesizing malate at the expense of reduction equivalents (NADH) thus potentially contributing to NAD regeneration for a sustained rapid catabolism of 3-phosphoglyceric acid, a prime energy reserve stored in spores 63 .
In dormant spores of B. subtilis, levels of ATP are less than 1% of those in the cells and the ATP generation is suggested to resume only after germination is complete 64 . In B.
thuringiensis, the expression of F 0 F 1 -ATPase subunits is upregulated during sporulation in order to keep a constant energy supply to the sporulating cell 60 . Remarkably, we observe increased levels of seven F 0 F 1 -ATP synthase subunits in our data. All of these subunits are associated with either the protein module that synthesizes/hydrolysizes ATP or with the module involved in proton transport 65 . Adenylate kinase, a phosphotransferase enzyme, present in the shared group of proteins, plays an important role in maintaining levels of adenine nucleotides. It has been observed that the level of adenylate kinase in spores are only about 10% of the levels found in early stationary-phase cells 66 . Moreover, for the purine biosynthesis pathway, the proteins involved in the conversion of inosine monophosphate (IMP) to ATP (GuaB, GuaA, Ndk) and IMP to GTP (PurA, Adk) are shared between the spores and cells. In case of pyrimidine biosynthesis, proteins CTP synthase (PyrG), aspartate transcarbamylase (PyrB) and nucleotide diphosphokinase (Ndk) are quantified to be shared in spores and cells.
Stress response
Bacillus subtilis has to cope with different environmental stresses such as heat, desiccation, fluctuating pH and oxidative stress. All these conditions lead to protein folding stress followed by destabilization of the protein structure 67 in spores may functionally be instrumental for spore resuscitation. For instance, Streptomyces spp., chaperones in the dormant spores help reactivation of the proteosynthetic apparatus and nascent proteins after core hydration 68 . Proteins YqiW and YphP are bacilliredoxins that protect against hypochlorite stress 69 . In addition, transporter proteins YknX, YknZ and membrane protein YknW produced in vegetative cells protect against SdpC (sporulation delaying protein) 70 . In B. anthracis petrobactin is also demonstrated to improve sporulation efficiency of cells 71 . Apart from this, the petrobactin binding and importing proteins YclP and YclQ can also help in iron acquisition and/or protect against oxidative stress 72 . In addition to these proteins, the previously mentioned drug efflux pumps may also be important to optimize an environmental stress response.
Concluding remarks
The one-pot sample processing method along with 15 N metabolic labelling has for the first time enabled a reproducible, combined cell and spore quantitative proteome analysis of B.
subtilis. The analysis outlines a relatively modest proteomic adaptation of this bacterium, when as a survival strategy, it completes spore formation. The proteins shared between the cells and spores contribute to the basic set of proteins that are sufficient for life to survive in an otherwise metabolically inactive spore. These proteins include stress survival proteins, proteases, transporters, protein synthesis machinery, metabolic pathway enzymes including those with a key role in the assurance of sufficient energy generation for spore outgrowth and subsequent vegetative cell proliferation.
